Relationship between MRI and morphometric kidney measurements in diabetic and non-diabetic rats  by Christiansen, Thora et al.
Kidney International, Vol. 51(1997), pp. 50—56
Relationship between MRI and morphometric kidney
measurements in diabetic and non-diabetic rats
THolA CHRISTIANSEN, R. RASCH, H. STØDKILDE-JØRGENSEN, and A. FLYVBJERG
Experimental MRJ-Center, University Hospital, and Department of Cell Biology, Institute of Anatomy, and Institute of Experimental Clinical Research,
University Hospital, University of Aarhus, Aarhus, Denmark
Relationship between MRI and murphometric kidney measurements in
diabetic and non.diabetic rats. The aim of the present study was to
determine the applicability of magnetic resonance imaging (MRI) as a
non-invasive measure of kidney volume in vivo in diabetic and non-
diabetic rats. Magnetic resonance, TI weighted Spin Echo, images were
obtained after injection of contrast in anesthetized control (N = 14) and
hyperglycemic streptozotocin (STZ)-diabetic rats (N 14). On MRI
imaging the total kidney, cortex, medullary and pelvic volumes were
calculated. Immediately after MRI measurements the left kidneys were
removed before weighing either as a clamped kidney weight (that is, the
kidney containing blood and urine) or as a wet kidney weight (the kidney
drained of blood and urine), while the right kidneys were perfusion-fixed
for morphometric measurements. On thin kidney slices obtained from
perfusion-fixed kidneys the cortex, medullary and pelvic fractions were
measured and subsequently the cortex, medulla and pelvic volumes were
calculated. The cortical volume was measured according to three different
approaches. The corticomedullary boundary was defined either to the
arcuate arteries, to a curved line following the glomeruli, or to a line at the
top of the medullary rays. Both in control and diabetic rats, MRI
measured kidney volumes were similar to the volume of perfusion-fixed
kidneys, while the clamped kidney weight, and in particular the wet kidney
weights, were smaller than the MRI obtained volumes. Good agreement
was found between the MRI measured cortex and medulla volumes when
the cortex was defined to the top of the medullary rays in the morpho-
metric analysis. In conclusion, the present study demonstrates that MRI
allows a reliable non-invasive estimate of renal morphology at a macro-
scopic level in both diabetic and non-diabetic rats.
Renal hypertrophy and hyperfiltration are inherent features in
the course of early experimental and human diabetes mellitus [1,
21. The degree of renal enlargement and glomerular hyperfiltra-
tion is thought to be a predictor for the development of late
diabetic nephropathy [1]. Kidney growth has been found to
correlate with the degree of hyperglycemia and to precede the
increase in glomerular filtration rate. A variety of clinical and
experimental studies have been conducted in order to character-
ize the early diabetic renal changes that later are followed by
increased urinary albumin excretion and kidney lesions. Several
metabolic, functional and structural changes in alloxan- and
streptozotozin (STZ)-diabetic rats have fundamental similarities
to those occurring in diabetic patients [3—121. The majority of
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experimental studies dealing with diabetic renal changes are
based on in vitro examination of the kidney. Kidney tissue
obtained under these conditions gives valuable biochemical and
morphological information, but may also give less reliable infor-
mation on renal volume, position and function in vivo.
Magnetic resonance imaging (MRI) has increasingly been used
as a monitor of renal anatomy and function in a variety of
experimental and clinical situations [13—23]. The usefulness of
MRI as a non-invasive monitor of renal changes has already been
proven in renovascular diseases, obstructive nephropathy and
acute and chronic renal failure [13—231.
The aim of the present study was to determine the applicability
of MRI as a non-invasive monitor of changes in kidney, cortex,
medulla and pelvis volumes in diabetic and non-diabetic control
rats, by comparing MRI measured kidney volume with wet,
clamped and perfusion-fixed kidney volume.
Methods
Animals
Adult female Wistar rats (Møllegaards Avlslab., Eiby, Den-
mark) with a mean body wt of 185 g were studied. Rats were
housed three per cage in a room with 12:12 hours (06.00 to 18.00
hr) artificial light cycle, temperature 21 2°C and humidity 55
2%. The animals had free access to standard rat chow (Altromin,
Lage, Germany) and tap water throughout the experiment. Dia-
betes was induced on day 0 by i.v. injection of streptozotocin
(STZ) (50 mg/kg body wt) in acidic 0.154 mol/liter NaCI (pH 4.5).
The animals were weighed weekly after STZ administration,
urinalysis was performed for glucose and ketones using Neostix 4
(Ames Limited, Stoke Poges, Slough, UK), and tail-vein blood
glucose levels determined by a Haemoglucotest 1-44 and Reflolux
II reflectance meter (Boehringer-Mannheim, Mannheim, Ger-
many).
Study design
Fifty-six days after STZ-administration total kidney, cortex,
medulla and pelvis volumes of left and right kidneys were
measured by MRI. Spin Echo pictures were obtained, using a 7
Tesla Sisco Scanner and a dedicated body RF-coil, in (1) non-
diabetic control animals (N = 14) and (2) diabetic animals (N =
14) anesthetized with sodium barbital (50 mg/kg body wt i.p.).
Due to poor MR image quality in one of the diabetic rats, the left
kidney volume was not measured in this animal. Immediately after
MRI the anesthetized animals were exposed to a transabdominal
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incision. The left kidneys were handled in two different ways. In
six control and seven diabetic animals the ureter, renal artery and
vein were clamped before the kidney was removed and snap-
frozen in liquid nitrogen. The renal pedicle was removed before
the frozen kidneys, containing blood and urine, were weighed. in
the other half of the two groups the left kidneys were removed
without clamping, gently drained from urine and blood, and the
wet weight recorded. In all animals the right kidneys were
perfusions-fixed, weighed and further treated as described below.
One anesthetized diabetic animal died before perfusion-fixation,
and accordingly the MR image obtained in this animal was not
included in the study.
Magnetic resonance imaging
Images were obtained using a Sisco 300/183 Horisontal Bore
Scanner (Sisco, Sunnyvale, CA, USA) operating at 7 Tesla.
Fifteen minutes after barbital injection the animals were i.v.
injected with 200 p.l Gadolinium [Gd(DTPA), Schering, Germa-
ny] and Ti weighted Spin Echo pictures were obtained within the
following 10 minutes, with TE = 10 msec and TR = 500 msec.
Inplant resolution was 0.3 mm >< 0.3 mm, and slice thickness
1 mm. The slice gab varied between 0.1 and 0.7 mm covering the
kidneys volume within 16 slices. On the images the kidney was
manually marked on each slice and the volume was calculated by
an automatic interpolation of the marked kidney areas from the
16 slices. In order to calculate the variation of the manual
marking, repeated measurements were performed by the same
person on a number of blinded pictures, revealing a coefficient of
variance of 2.6% (range 0.2 to 5.6; performed in 10 animals). To
obtain a measure of the inter-image variation, kidney volume
measurements were compared with repeated kidney volume
measurements obtained after replacing the animal in the scanner.
This procedure revealed a coefficient of variance of 1.5% (range
0.4 to 4.6; performed in 6 animals)
Kidney fixation
After removal of the left kidney, the right kidney was perfusion-
fixed retrogradely through the aorta according to Maurisbach [241.
The perfusion lasted for four minutes with a constant pressure of
l20 mm Hg with 1% glutaraldehyde in a Tyrode buffer solution
[24]. The weight of the perfused kidneys was measured and the
kidneys then coded in order to be evaluated without prior
knowledge of experimental grouping.
A razor blade tissue slicer [26] was used for cutting the entire
kidney into 1 mm thick slices. Every second slice was selected for
a systematic random sample. Each sampled slice was embedded in
Tecnovit and cut in 2 Lm slices using a Reichel-Jung Supercut
Microtome with a metal knife. All sections were stained with
periodic acid-Schiff.
Volume of rat kidney cortex
In five randomly chosen perfusion-fixed kidneys from each
group, the volume fractions of cortex [V(cortex/kidney)], me-
dulla [V(medulla/kidney)], and pelvis [V(pelvis/kidney)] were
estimated using an unbiased point counting technique in 5 slices
from each kidney. The total number of points on the thin sections
was estimated using a Olympus BHS microscope at a magnifica-
tion of X 17. A color video camera (Sony VCC 400P; Sony, Tokyo,
Japan) was used for measurements. The corticomedullary bound-
ary was defined in three different ways: (1) to the the arcuate
Table 1. In control and diabetic animals kidney volume was measured
by MRI in vivo and kidney weight measured in vitro in three
different ways
Control Diabetic
MRI kidney volume, right 1.024 0.046 1.377 0.086a
kidney ml
Perfusion-fixed kidney 1.011 0.021 1.410 0.055a
weight, right kidney g
MRI kidney volume, left 1.025 0.035 1.447 0.064
kidney ml
Clamped kidney weight, left 0.896 0•022h 1.159 0.03T"
kidney g
MRI kidney volume, left 1.058 0.037 1.410 0.064k'
kidney ml
Wet kidney weight, left 0.720 0.035c 0.940 0.05 1
kidney g
Data are given as mean SCM. MRI measured right kidney volumes
and the related perfusion-fixed right kidney weights (N = 14). MRI
measured left kidney volumes and the respective clamped and wet left
kidney weights (N = 5—7).
P < 0.01 diabetic vs. control
h P < 0.01 clamped kidney weight vs. MRI kidney volume
"P < 0.01 wet kidney weight vs. MRI kidney volume
arteries [27], (2) to a curved line following the glomeruli between
cortex and medulla, or (3) to a line at the top of the medullary
rays. The total volumes of cortex, medulla and pelvis were
calculated as follows:
V(cortex) = Vt/cortex/kidney) X kidney weight
V(medulla) = Vmedulla/kidney) X kidney weight
V(pelvis) = Vv(pelvis/lddney) X kidney weight
expressed as ml, assuming that 1 g of kidney tissue equals I ml.
Statistical analysis
Differences between groups were analyzed using the unpaired
Student's f-test. Coefficients of correlation between the MRI
measured renal volume and perfusion-fixed, clamped and wet
kidney weight were calculated using linear regression. The Bland-
Altman plot was used for comparison of the two methods [28].
Results
Metabolic parameters
All animals given STZ developed hyperglycemia within 24
hours, with an average blood glucose concentration of approxi-
mately 25 1 mmol/liter, which remained at this level for the
duration of the study. All diabetic animals had glycosuria above
111 mmol/liter and none of the animals exhibited ketonuria at any
time during the study. At day 56 the mean body wt was 220 2 g
in the control group and 184 4 g in the diabetic group.
Kidney volume
In control animals the MRI measured right renal volume was
similar to the weight obtained in perfusion-fixed right kidneys
(1.024 0.046 ml vs. 1.011 0.021 g; NS; Table 1). The clamped
left kidney weight was 13% lower (P < 0.008) and the wet left
kidney weight 32% lower (P = 0.001) than the MRI measured left
renal volume (Table 1). Similar results were seen in diabetic
animals with no significant difference between MRI measured
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Fig. 1. The correlation between MRJ measured right renal volume and
perftsion-fixed right kidney weight (A) and a Bland-Altman plot showing the
difference between MRJ measured kidney volume and peifusionfixed kidney
weight against their mean (B). The dashed line indicates the identity line.
Symbols are: non-diabetic control animals (0; N = 14) and diabetic
animals (•; N = 13).
right kidney volume and the perfusion-fixed right kidney weight
(1.377 0.086 ml vs. 1.410 0.055 g; NS), while clamped and wet
left kidney weights were 20% (P = 0.001) and 33% (P < 0.001)
lower than the volume of left kidneys obtained with MRI (Table
1).
As shown in Figures IA, 2A and 3A, a close correlation was
found between MRI measured kidney volume and perfusion-fixed
kidney weight, clamped kidney weight and wet kidney weight (r =
L J
0.8 1.0 1.2 1.4 1.6
Average kidney volume by MRI and clamped weight
Fig. 2. The correlation between MRJ measured left renal volume and
clamped left kidney weight (A) and a Bland-Altman plot showing the
difference between MRI measured kidney volume and clamped kidney weight
against their mean (B). The dashed line indicates the identity line.
Non-diabetic control animals (0; N = 6) and diabetic animals (•; N 7).
0.97, P < 0.001; r = 0.92, P < 0.001; and r = 0.93, P < 0.001,
respectively). However, when the results were submitted to the
Bland-Altman analysis, they turned out to be different in the three
situations. According to the Bland-Altman analysis, two methods
measuring the same parameter are expected to have a mean
difference of zero. The mean value of the difference between MRI
measured renal volume and perfusion-fixed kidney weight was
close to zero (0.053 ml; Fig. 1B), while the difference between
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similar to the values found for cortex, medulla and pelvis volumes
in perfusion-fixed kidneys, when cortex was defined as the area
to a line at the top of the medullary rays (Table 2).
When the cortex was defined from the arcuate arteries or a curved
line following the glomeruli, the mean MRI measured cortex
volumes were smaller and consequently the mean medullary
volumes were greater than the morphometric estimates. These
findings were also seen for individual values in the Bland-Altman
plot.
In control animals MRI measured volumes of cortex, medulla
and pelvis tended to correlate with the volumes calculated by
defining cortex following a curved line of glomeruli in perfusion
fixed tissue (r = 0.89,P = 0.043;r = 0.83,P = 0.084; and r = 0.70,
P = 0.11, repectively). When the cortex was defined from the
arcuate arteries there was no significant correlation with the
volumes obtained in perfusion-fixed kidneys. Furthermore, no
correlation was found with MRI measured volumes when the
cortex was defined as the area superficial to the medullary rays. In
I I I diabetic animals the MRI measured volumes of cortex, medulla
0.8 1.0 1.2 1 .4 1 .6 and pelvis correlated significantly with the volumes obtained with
all three different morphometric measured volumes in perfusion-
fixed tissue (data not shown).
In an Bland-Altman plot, however, the mean difference be-
tween MRI measured volumes of cortex and medulla and the
respective results obtained by morphometric measurements were
close to zero when the cortex was defined as the area superficial
to a line at the top of the medullary rays (Fig. 4). When the cortex
was defined as the volume superficial to the arcuate arteries or
superficial to a curved line of glomeruli, the mean differences
were —0.141 ml and —0.177, respectively, with values for medulla
of 0.144 and 0.199 ml, respectively. The MRI measured pelvis
volumes were generally greater when compared to the volumes
___________________________________
Mean obtained in perfusion-fixed kidneys (Table 2).
+ 2 SD A representative videoprint of an MR image of the sagital
section of a rat kidney is depicted in Figure 5.0.0
0 0
0
0
Mean
Renal enlargement in the course of early diabetes mellitus has
previously been described in experimental diabetes by examina-
tion of the kidney in vitro, while the changes in renal volume in
human diabetes in vivo have been described by ultrasound [1—12].
In the present study, STZ-diabetic animals with untreated diabe-
tes for about two months had an increased renal volume when
measured by MRI in vivo, and increased renal weight of perfu-
sion-fixed, clamped and wet kidneys in vitro, when compared with
non-diabetic control animals.
In a previous study by Lohr et al, MRI changes in kidney
volume in STZ diabetic rats were described [29]. The estimated
changes in renal size were based on measurements of changes in
the longitudinal and axial axes of the kidney. It is important to
notice that the reliability of this method is based on the assump-
tion that the chosen axes represent the longest and widest axes of
the kidney, respectively. No information was given as to how this
was ensured, and furthermore, no information was given concern-
ing inter-image variation and variation in processing the MRI
pictures [29]. Finally, it is important to note that it is not possible
to calculate the renal volume when using a method based on
measurements of renal axes. In the present study, we calculated
the kidney volume by dividing the kidneys into 16 one mm slices
with a gab between 0.1 and 0.7 mm. On each slice the kidney was
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Fig. 3. The correlation between MRI measured left renal volume and wet left
kidney weight (A) and a Bland-Altman plot showing the difference between
MRI measured kidney volume and wet kidney weight against their mean (B).
The dashed line indicates the identity line. Symbols are: non-diabetic
control animals (0; N = 7) and diabetic animals (•; N = 5).
MRI measured kidney volume and clamped kidney weight against
their mean showed a value of 0.217 ml (Fig. 2B), and a mean
difference between MRI and wet renal weight of 0.397 ml (Fig. 3B).
Cortex, medulla and pelvis volumes
In both non-diabetic control animals as well as diabetic animals
MRI measured mean cortex, medulla and pelvis volumes were
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Table 2. Cortex, medulla and pelvis volumes measured by MRI in vivo and by morphometric measurements in Vitro ifl right kidneys
Defined
boundary
Volume ml
Non-diabetic Diabetic
Cortex MRI
Morphometric measurements Arcuate arteries
Curved line
Medullary rays
0.500 0.028
0.639 0033b
0.691 oo3o
0.488 0.035
0.668 0.043a
0.811 0.037"
0.828 0.044"
0.625 0.038"
Medulla MRI
Morphometric measurements Arcuate arteries
Curved line
Medullary rays
0.49 1 0.026
0.342 0.015"
0.290 0.016c
0.491 0.038
0.700 0.048"
0.527 0.048"
0.510 0.044"
0.708 0.051'
Pelvis MRI
Morphometric measurements Arcuate arteries
Curved line
Medullary rays
0.034 0.004
0.013 0.001
0.013 0.002
0.015 0.004
0.048 0.008
0.016 0.004
0.015 0.004
0.021 0.006
Data are given as mean SEM. By morphometric measurements the corticomedullary boundary was defined in 3 different ways: to the arcuate arteries,
to a curved line following the glomeruli, and to a line at the top of the medullary rays. N = 5.
"P < 0.01 diabetic vs. control
5P < 0.01 cortex: morphometric measurements vs. MRI
"P < 0.01 medulla: morphometric measurements vs. MRI
manually marked and the volume was calculated by an automatic
interpolation of the marked kidney areas from the 16 slices.
Repeated renal volume measurements obtained after replacing
the same animal in the scanner revealed an inter-image coefficient
of variance below 2%. Furthermore, repeated volume measure-
ments on blinded MRI images revealed a coefficient of variance
less than 3%.
In the present study a tight correlation was found between MRI
measured renal volume and perfusion-fixed, clamped and wet
kidney weights. However, in a Bland-Altman plot, the MRI
measured volumes were higher than the renal volumes obtained in
clamped and wet kidney weights. The difference was most pro-
nounced when comparing MRI measured renal volume to wet
kidney weight. This discrepancy between MRI and wet kidney
weight may be explained by a higher content of blood and urine in
the MRI measured kidney volume in vivo in comparison with the
wet kidney weight in vitro, that is, the kidney collapses during
removal without clamping when blood and urine are drained. The
difference between clamped kidney weight and MRI measured
kidney volume may be due to a partial draining of urine and blood
from the kidney during the clamping procedure, even though this
procedure was performed with as gentle manipulation of the
kidney as possible. In contrast to these findings, our results
indicate that MRI measured renal volumes is a good estimate of
the renal volume obtained in perfusion-fixed kidneys.
Magnetic resonance imaging produced a good demarcation of
the kidney parenchyma into cortex, medulla and pelvis and of the
whole kidney from its surroundings. When the cortex was defined
as the area superficial to a line drawn at the top of the medullary
rays, a good concordance between MRI measured cortex and
medulla volumes and the morphometric volumes measured in
perfusion-fixed kidneys was observed. In contrast, MRI measured
volumes were smaller and medullary volumes were greater than
the volumes obtained in perfusion-fixed kidneys when the cortex
was defined as the area superficial to the arcuate arteries or
superficiel to a curved line of glomeruli. In the study by Lohr et al
[291 the kidney parenchyma in control rats was clearly partioned
by MRI into cortex and medulla, the cortex appearing as a
well-defined hyperintense band, while the medulla appeared as a
hypointense area. The corticomedullary boundary was not, how-
ever, apparent in diabetic animals after a diabetes duration of two
weeks [29]. This is in contrast to the present study, where
throughout the whole study period of two months we found a
good demarcation between the cortex, medulla and pelvis in both
control and diabetic animals. The difference is probably due to the
use of contrast (gadolinium) in this study, as Lohr et al obtained
their MRI pictures without the use of an i.v. contrast. Further-
more, Lohr et a! [29] performed MRI on a 0.35 Tesla scanner,
while we used a 7 Tesla scanner, which is known to provide a
higher resolution. This in particular is of importance when a small
structure such as the rat kidney is studied. Finally, Hricak and
Newhouse have reported that the use of short TR sequences
enhances the corticomedullary differentiation [14]. In contrary,
when TR longer than 2000 msec is used, the differentiation
disappears. Furthermore, the cortical-medullaiy differentiation is
obliterated when longer TE values (56 msec) are utilized [30]. In
the present study, TE = 10 msec was used in comparison to a
considerably higher value used by Lohr et al (TE =50) [29], which
in combination with the factors mentioned above, may account for
the discrepancy between the two studies with respect to the MRI
resolution in diabetic animals.
MRI is a firmly established technique that may be a useful tool
in many aspects of renal physiology and pathophysiology. The
present study indicates that MRI is a valuable, non-invasive tool
by which measurements of renal volume can be performed. MRI
in combination with injection of contrast produces a good demar-
cation between the macroscopic structures in the kidney, thereby
making estimations of cortex, medulla and pelvis volumes possi-
ble. The continued development of the MRI method may open an
even broader usefulness of the technique. Basgen et al provided
recent evidence that MRI can be used for estimation of glomer-
ular number in situ [31]. Furthermore, the blood flow in rat
poplitea vessels have been calculated by MRI [32], thereby
opening the possibility that MRI could be used in future mea-
surement of renal blood flow.
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